
NASA TN D-417 

TECHNICAL NOTE 
0-417 

INVESTIGATION O F  EFFECTS O F  ROUGHNESS, SURFACE COOLING, 

AND SHOCK IMPINGEMENT ON BOUNDARY-LAYER TRANSITION 

ON A TWO-DIMENSIONAL WING 

By K. R. Czarnecki and John R. Sevier, Jr. 

Langley Research Center  
Langley Field, Va. 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

WASHINGTON June 1960 

(hASA-IN-D-417) I b S E I 1 1 6 A 9 1 C  b C E  EEEEClS OF N84-7C489 E C l i G b b E S E ,  S U E f l C E  C C C I I I G  A I 1  ,CkCCK 
I C E I L G E K E L I  CB ECCNLA82-LAYEP 1 L A b S I I I C B  C t l  

A B k C - D I C E L S I C h A L  L l t i G  ( b A 5 k )  42 F Unclas  
00/34 0199048 



1G 

P NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

TECHNICAL NOTE D-417 

INVESTIGATION OF EFFECTS CF ROUGHNESS, SURFACE COOLING, 

AND SHOCK IMFINGEMENT C)N BOUNDARY-LAYER TRANSITION 

ON A TWO-DIMENSIONAL WING 

By K. R .  Czarnecki and John R. Sevier, Jr. 

SUMMARY 

A n  investigation has been made t o  determine the e f f ec t s  of single- 
element surface roughness, surface cooling, and shock impingement on 
boundary-layer t r ans i t i on  on a two-dimensional w i n g .  
leading edge with a f l a t  surface on one side and a constant favorable- 
pressure-gradient surface on the other. Tests were made at  Mach numbers of 
1.61 and 2.01, over a Reynolds number per foot  r a g e  from about 0.5 x 10 6 
t o  approximately 9.5 x 106. 

The wing had a sharp 

Transition at  zero heat t ransfer  w a s  apparently strongly influenced 
by surface conditions. Transition Reynolds numbers f o r  zero heat transfer 
ranged from 4 x 10 6 t o  10 x 10 6 f o r  the  f l a t  surface and from 4 x lo6 t o  

16 x 10 6 f o r  the  favorable-pressure-gradient surface. 
the model surface had l i t t l e  e f fec t  on t r ans i t i on  when s m a l l  and nearly 
undetectable surface roughness existed, but with surface roughness elim- 
inated,  surface cooling was quite effect ive i n  increasing t r ans i t i on  
Reynolds number. The f i r s t  appearance of t r ans i t i on  due t o  roughness 
behind single-element three-dimensional roughness and the lateral spread 
of turbulence as determined by the  boundary-layer probe technique were 
i n  excellent agreement with resu l t s  previously obtained on the  iden t i ca l  
configurations with a hot-wire technique. In s t a l l a t ion  of a sharp-edged 
p l a t e  o r  wedge so that the  f la t  side of the wedge w a s  al ined with the  
stream had no e f f ec t  on t rans i t ion .  Deflection of th i s  surface i n  either 
the  posit ive o r  negative direct ion generally resulted i n  large reductions 
i n  the values of t r ans i t i on  Reynolds number. 

Heating or cooling 

INTRODUCTION 

A s  par t  of a general investigation of t r ans i t i on  i n  the Langley 
4- by )+-foot supersonic pressure tunnel some tests were m a d e  t o  determine 
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the  effects  of surface cooling on boundary-layer t r ans i t i on  on a para- 
bo l ic  body of revolution (ref. 1). These tes ts  indicated that surface 
cooling had a strong ef fec t  on t r ans i t i on  on a three-dimensional axisym- 
metric body. 
cooling phenomenon should be qual i ta t ively the  same on a two-dimensional 
body such as a w i n g ,  but quantitatively the  e f f ec t s  may d i f f e r .  
quently, it appeared desirable t o  make similar s tudies  of the  e f f ec t s  
of surface cooling on boundary-layer t r ans i t i on  on a two-dbensional wing 
fo r  comparison. 

From theore t ica l  considerations it can be deduced that t h i s  

Conse- 

This two-dimensional t r ans i t i on  study w a s  made on a wing which 
spanned the tunnel. 
parabolic-arc surface, a sharp leading edge, and a thickness of 4.5 per- 
cent of the chord. Tests were made a t  Mach numbers of 1.61 and 2.01 over 

The wing had one f l a t  surface, one approximately 

a Reynolds number per foot range from about 0.5 x lo6 t o  9.5 x lo6. 
imum changes i n  average surface temperature due t o  cooling and heating 
of about -lWo F and 150° F, respectively, were investigated, the  values 
corresponding t o  incremental temperature ra t ios ,  i n  terms of the  stag- 
nation temperature, of -0.27 and 0.27. A l imited number of tes ts  were 
a l so  made t o  determine the  e f f ec t s  of d i scre te  three-dimensional rough- 
ness on t rans i t ion  and the  la teral  spread of t r ans i t i on  and t o  determine 
the effects  of i n s t a l l i ng  stub kings or  wedges. 

Max- 

PCU 

P t  

R 

R t r  

T t  

height of roughness pa r t i c l e  

Mach number 

loca l  pressure within boundary layer indicated by to t a l -  
pressure probe 

free-stream s t a t i c  pressure 

stagnation pressure 

Reynolds number based on flow outside boundary layer 

t r ans i t i on  Reynolds number based on flow conditions outside 
boundary layer and distance from wing leading edge t o  
t rans i t ion  location 

stagnation temperature 
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a? change i n  surface temperature due t o  cooling (average value 
except as noted) 

U loca l  streamwise component of velocity i n  boundary layer 

u, loca l  streamwise component of velocity ju s t  out side boundary 
layer 

X longitudinal distance from leading edge 

Y l a t e r a l  distance from tunnel center l ine,  posit ive t o  the 
r igh t  

6 angle between f la t  side of wedge and stream direction, posi- 
t i v e  when f l a t  side becomes a compression surface 

APPARATUS 

Wind Tunnel 

The investigation was conducted i n  the Langley 4- by 4-foot super- 
sonic pressure tunnel, which i s  a rectangular, closed-throat, single- 
return wind tunnel with provisions fo r  the control of the pressure, tea- 
perature, and humidity of the enclosed air. The t e s t  section,width and 
height are  approximately 54 inches. Flexible nozzle w a l l s  were adjusted 
t o  give the desired test-section Mach numbers of 1.61 and 2.01. During 
the tests, the dewpoint w a s  kept below -20° F t o  insure negligible e f f ec t s  
of water condensation i n  the supersonic nozzle. 

Mode 1 

The model used i n  t h i s  investigation consisted of a rectangular 
Sketches of the wing two-dimensional wing which spanned the tunnel. 

a re  presented i n  figure 1 and a photograph of the w i n g  i s  presented i n  
figure 2. Details  of the wedge instal la t ions are  &resented i n  f igure 3 .  

The span of the wing was 5 9  inches and the chord was 40 inches. 

surface of the wing w a s  f l a t  and the other surface had an approximately 
parabolic surface which w a s  designed by the method of character is t ics  
t o  have a constant favorable pressure gradient a t  
chord r a t i o  was 4.5 percent and the leading-edge thickness generally var- 

ied between 0.004 and 0.005 inch. Tht. model w a s  constructed of - inch 

boi lerplate  and the surfaces were polished. Owing t o  a i r  holes incurred 

One 
2 

M = 1.6. The thickness- 

r; 
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i n  the rol l ing of the boilerplate,  there were a large number of minute 
holes or p i t s  of varying depth and s ize  scattered over the  surfaces. 

The model was attached d i rec t ly  t o  the tunnel sidewall i n se r t s  at  
zero angle of attack. It was hollow and was vented t o  the outside of 
the tunnel a t  one end so tha t  l iquid carbon dioxide could be used t o  
cool the model surfaces or superheated steam could be injected t o  heat 
them. 
outside surface of each nodel a t  about the tunnel center l i ne  t o  meas- 
ure the temperature dis t r ibut ions.  

A row of 18 iron-constantan thermocouples was ins ta l led  on the 

L 
6 
1 

0 3 
TESTS 

Techniques 

Boundary-layer t rans i t ion  w a s  determined by several methods. In  
the f i r s t  phase of the t e s t s ,  t rans i t ion  was determined by the use of 
rakes of total-pressure tubes i n  a manner s i m i l a r  t o  t ha t  described i n  
reference 1. I n  the second phase of the t e s t s ,  t rans i t ion  w a s  ident i f ied 
by the use of a two-tube t o t a l  pressure rake or probe which could be 
traversed across the wing (see f i g .  1). These tubes had an external 
diameter of 0.0% inch. 
from surface t o  the tube center w a s  0.025 inch) and the other w a s  placed 
with i t s  center a t  a distance of 0.080 inch from the surface. The tubes 
were 26.8 inches rearward of the wing leading edge. Thus, f o r  the range 
of conditions covered i n  t h i s  investigation, the surface tube indicated 
pressures within the inner par t  and the outer tube indicated pressures 
i n  the ou te r  extremities of the laminar boundary layer. Transition w a s  
a lso determined i n  some of the phase I1 t e s t s  by means of a temperature- 
sensitive fluorescent lacquer. A discussion of the preparation of the 
lacquer and the methods of applying and interpreting the r e su l t s  can be 
found i n  reference 2. 

. 

One tube lay d i rec t ly  on the surface (distance 

The t e s t  prGcedure generally consisted of s ta r t ing  the tunnel at  
a low value of stagnation pressure and a corresponding s m a l l  free-stream 
Reynolds number per foot and then gradually increasing the  Reynolds num- 
ber per foot i n  small increments t o  values greater than those required 
t o  identify t rans i t ion  from laminar t o  turbulent flow. A t  each increment 
i n  tunnel stagnation pressure or Reynolds number per foot, the tunnel 
conditions were s tabi l ized and photographs were taken of the multiple- 
tube mercury manometer t o  which the rakes of the phase I t e s t s  were 
connected, or the t o t a l  pressures indicated by the two-tube probe were 
visually read on a U-tube manometer and recorded. Simultaneously with 
the reading of the pressures, the fluorescent lacquer w a s  visually 
inspected through small tunnel windows and i t s  indications interpreted 
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i n  the phase I1 tes t s .  Whenever it appeared desirable, the two-tube 
probe was a l so  traversed across the wing and the spanwise variations 
i n  pressure were recorded. 

For the t e s t s  with boundary-layer heating or cooling, the procedure 
w a s  t o  se t  the tunnel stagnation pressure a t  the desired value and then 
t o  turn  on the steam or  l iquid carbon dioxide until  a prescribed m a x i m u m  
o r  minimum surface temperature was attained. A t  t h i s  point, the heating 
f l u i d  o r  coolant w a s  turned off and the model temperature returned t o  
the zero-heat-transfer equilibrium condition. During t h i s  whole period, 
the d is t r ibu t ion  of surface temperature w a s  continuously recorded on 
potentiometers. A t  time intervals  determined by the rapidi ty  of changes 
i n  the boundary-layer pressures, the boundary-layer t o t a l  pressures and 
tunnel conditions were read and recorded. Spanwise t raverses  were made 
only near maximum cooling conditions with the coolant flowing contin- 
uously i n  order t o  insure the leas t  possible change i n  model temperature 
with time. 

Range of Conditions 

The t e s t s  were made i n  two phases. In  both phases t e s t s  were made 

The phase I t e s t s  were termi- 
a t  Mach numbers of 1.61 and 2.01 and over a Reynolds number per foot 
range from about 0.5 x 10 6 t o  9.5 x 10 6 . 
nated a f t e r  a number of runs because surface cooling or  heating had 
l i t t l e  or  no apparent e f fec t  on boundary-layer t rans i t ion  and it was 
believed tha t  surface roughness was influencing the resu l t s .  I n  the 
time in te rva l  between the two t e s t  phases additional instrumentation 
was constructed t o  improve the boundary-layer survey technique and a 
temperature-sensitive lacquer was developed t o  aid i n  the determination 
of the model areas tha t  might contain otherwise undetecf,able roughness. 

In  the phase I t e s t s ,  t ransi t ion w a s  determined a t  about the 23.5- 
and 34.0-inch s ta t ions on both the  f l a t  and curved surfaces under adi- 
abatic conditions and under conditions of heat t ransfer .  For the t e s t s  
with heat transfer,  the model was cooled a t  a number of values of tunnel 
Reynolds number per foot above those f o r  which t rans i t ion  had moved ahead 
of the pressure rake. 
values of Reynolds number per foot below those f o r  which t rans i t ion  had 
moved t o  the rear  of the rake. Maximum changes i n  average surface t e m -  
perature of about -lpo F and 1500 F fo r  surface cooling and heating, 
respectively, were employed, the temperature changes corresponding t o  
AT/Tt 
the  f l a t  surface of the wing with the rake a t  the 23.5-inch station, 
the wing leading edge blunted by means of a s t r i p  of adhesive cellophane 

Conversely, the model was heated a t  a number of 

values of -0.27 and 0.27. Some t rans i t ion  studies were made on 
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tape, and balsa s t r i p s  attached t o  the curved surface. 
balsa were 1/16, l/8, and 1/4 inch i n  thickness. 

These s t r i p s  of 

I n  the  phase I1 t e s t s ,  a group of t r a m i t i o n  runs w a s  made with the  
f l a t  surface of the wing painted with temperature-sensitive lacquer t o  
determine roughness spots and make possible t h e i r  elimination. Then the  
phase I t r ans i t i on  tes ts  were repeated; however, the heat-transfer s tudies  
w e r e  limited t o  bwndary-layer cooling and changes i n  leading-edge blunt- 
ness were limited t o  sharpening the  leading edge t o  a th i cmess  oi  about 
0.002 inch. 
edge. Tests were a l so  made a t  M = 1.61 with 0.019-inch roughness L 
( single 0 .Ol8-inch-diameter s t e e l  b a l l )  and a t  M = 2.01 with 0.031-inch 6 
roughness (s ingle  0.031-inch-diameter steel b a l l )  located 8 inches from 1 
the  wing leading edge. Finally, tes ts  were made with wedges in s t a l l ed  3 

The pressure probe was always 26.8 inches from the leading 

on the wing a t  three locations: 
at, and 6 inches behind the  w i n g  leading edge. 
of the  t e s t s  with a wedge, t he  f l a t  side of the  wedge w a s  a t  an angle 
between - 3 O  and 30 r e l a t i v e  t o  the stream flow direct ion.  

wedge leading adge 3.5 inches ahead of, 
(See f i g .  3.)  For most 

RESULTS AND DISCUSSION 

Phase I Tests 

Zero heat transfer.- The r e su l t s  of the  t r ans i t i on  t e s t s  with zero 
The v e r t i c a l  scale  indicates heat t ransfer  a re  sumn;arized i n  f igure  4. 

t r ans i t i on  Reynolds number; the  horizontal  scale d i f f e ren t i a t e s  the  tes t  
Mach numbers and the rake locations from which the  t r ans i t i on  r e s u l t s  
were derived. 
obtained i n  an individual tes t  run. Inasmuch as the  tunnel pressure 
w a s  held constant while data were recorded, each t r ans i t i on  Reynolds 
number can be conzidered as being time averaged a t  constant pressure 
because of t'ne damping charac te r i s t ics  of the  total-pressure rake system. 
No data a re  presented f o r  the  rearward rake location a t  
the  data were affected by disturbances originating a t  the  w i n g - w a l l  junc- 
t u re .  (See f i g .  1.) 

Each data point represents a t r ans i t i on  Reynolds number 

M = 1.61 because 

The data indicate two i t e m s  of significance. F i r s t ,  there  i s  a 
large amont of s ca t t e r  i n  the t r ans i t i on  Reynolds number. Many attempts 
were made t o  reduce t h i s  s ca t t e r  by repolishing the model, w i t h  emphasis 
on the removal of m y  protuberances t h i t  could be found. These attempts 
were pa r t i a l ly  successful i n  tha t  the t r ans i t i on  Reynolds numbers were 
consistently higher when the model w a s  carefully polished, but a con- 
siderable amount of s ca t t e r  s t i l l  remained. The conclusion t o  be derived 
from t h i s  trend i s  t h a t  t r ans i t i on  was being affected by surface rough- 
ness. 

4 

T h i s  conclusion i s  fur ther  supported by the  t r ans i t i on  r e s u l t s  on * 



L 
6 
1 
3 

7 

t he  constant favorable-pressure-gradient surface a t  M = 2.01. The low- 
e s t  t rans i t ion  Reynolds numbers f o r  both the forward and rearward rake 
locations occurred at about the same value of free-stream Reynolds number 
per foot, suggesting that t rans i t ion  occurred a t  the forward rake or  
ahead of it. This ef fec t  i s  typical  of t rans i t ion  due t o  roughness. 

The second item of significance i s  the large t rans i t ion  Reynolds 
numbers tha t  were achieved. I n  particular, the maximum values of 
measured on the f la t  surface of the wing a t  M = 1.61 
those measured on a loo cone i n  the same f a c i l i t y  a t  the same Mach number 
(ref. 3 ) .  A t  a constant free-stream Reynolds number per foot, the bound- 
ary layer on the f la t  plate  is  thicker than tha t  on a cone a t  equal dis-  
tances from the nose o r  leading edge by a factor  of 6. If it i s  assumed 
tha t  t rans i t ion  occurs at the same Reynolds number (based on the boundary- 
layer displacement or  momentum thickness) on both m o d e l s ,  the  transi.tion 
Reynolds number fo r  the f la t  plate,  based on the distance from leading 
edge t o  t ransi t ion,  w i l l  be only one-third that. of the cone, based on 
the similar distance. The explanation may l i e  i n  the different  ra tes  of 
amplification of the  i n i t i a l  pressure disturbances f o r  the cone and f l a t  
plate,  as discussed i n  reference 4. 

Rtr 
a re  as large as  

Another possible source of the high values of R t r  was ,  a t  f i rs t ,  
believed t o  be the re la t ive  bluntness of the leading edge. 
subsequent t e s t s  indicated t h a t  t h i s  w a s  probably not a factor.  
the leading edge w i t h  cellophane tape (with downstream edges of the tape 
e i the r  :aired or  not fa i red)  reduced the t r a r s i t i o n  Reynolds number t o  
about 4- x 10 6 , and fur ther  blunting with balsa s t r i p  on the curved sur- 
face had even more dras t ic  effects .  
0.004 inch t o  0.002 inch had l i t t l e  o r  no e f fec t  on R t r .  

However, 
Blunting 

Sharpening the leading edge from 

With heat transfer.-  No data  are presented f o r  the phase I t e s t s  
w i t h  heat t ransfer  because (except f o r  very small changes on the con- 
s tant  favorable-pressure-gradient surface a t  large heating r a t e s )  no 
e f fec ts  of heat transfer,  e i ther  heating or cooling, could be detected 
on t rans i t ion  f o r  surface heating or cooling incremental temperature 
r a t io s  as large a s  kO.27. This r e s u l t  w a s  contrary t o  expectations; 
hence, considerable e f fo r t  was expended i n  t rying t o  eliminate any pos- 
s ib le  sources of surface roughness, as it w a s  believed tha t  s m a l l  pro- 
tuberances were responsible f o r  the loss  of the  expected heat-transfer 
effect .  The e f fo r t  w a s  unsuccessful, apparently because of the rather  
small protuberances which had t o  be located on a re la t ive ly  large sur- 
face area. 
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Phase I1 Tests 

Smooth w i  .- The first tests i n  the phase I1 ser ies  were made a t  
M = 1. + 1 with the f la t  surface of the  wing painted with temperature- 
sensitive lacquer. A s  the tunnel stagnation pressure w a s  increased 
(increasing the Reynolds number per foo t )  the fluorescent paint indi-  
cated an increasing number of scattered turbulent-flow wedges. The tun- 
ne l  was shut down and the protuberances causing the premature t r ans i t i on  
were eliminated. "his procedure w a s  repeated a few times u n t i l  there 
was, with one exception, no evidence of t rans i t ion  due t o  roughness up 

6 t o  a Reynolds number per foot of about 5.5 x 10 . Beyond t h i s  value, 
t ransi t ion due t o  the roughness of the paint appeared almost simulta- 
neously over the whole wing i n  areas not already turbulent from other 
sources of boundary-layer t ransi t ion.  
number ( 5 . 5  x lo6 per foot) fo r  which the fluorescent lacquer had any 
usefulness was lower than the Reynolds number f o r  which t rans i t ion  had 
been obtained on the parabolic surface i n  the phase I t e s t s  without heat 
transfer, it was decided t o  forego any fur ther  tes t ing  on tha t  surface. 

Inasmuch as  the maximum Reynolds 

L 
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With the e f fec ts  of roughness essent ia l ly  eliminated, it w a s  pos- 
s ib le  t o  follow the development of the t rans i t ion  pat tern on the smooth 
wing. F i r s t ,  even a t  the lowest values of Reynolds number per foot, a 
wedge of turbulent flow existed about 8 inches t o  the l e f t  of the tunnel 
center l ine.  
been dr i l led i n  order t o  i n s t a l l  wedges f o r  l a t e r  t e s t s ,  even though the 
holes were f i l l ed  with dental  p las te r  and faired.  
per f o o t  was increased from the lowest values, a l l  the wing area t o  the 
rear  of the pressure disturbances from the wing-wall juncture (which 
propagated along l ines  having angles close t o  those of the  Mach l ines )  
was rapidly covered by turbulent flow. 
stagnation pressure, the t rans i t ion  f ront  began t o  move toward the wing 
leading edge from the apex of the V formed by the Mach l ines  u n t i l  it 
was lost owing t o  the aforementioned t rans i t ion  due t o  paint roughness. 
These t rans i t ion  indications were corroborated a t  the 26.8-inch s ta t ion  
of the wing by pressure changes determined with the two-tube probe, and 
they were a l so  i n  agreement with the average resultas of the phase I t e s t s .  

This turbulent flow w a s  caused by screw holes which had 

A s  the Reynolds number 

With fur ther  increases i n  tunnel 

The r e su l t s  of the t e s t s  with boundary-layer cooling, i n  which the  
same temperature-sensitive lacquer and t o t a l  pressure probe technique 
were used, are  presented i n  figure 5 .  
location was always used as the re ferences ta t ion  f o r  determining tran- 
s i t ion.  
body of revolution, the RM-10 (ref. 1). 
s i t i on  Reynolds numbers with zero heat t ransfer  are  different  i n  each 
case, the data have been plotted i n  terms of the t rans i t ion  Reynolds num- 
ber  ra t io  R t r / (  R t r )  where the reference zero-heat-transfer t rans i t ion  - 

It should be noted tha t  the probe 

The data are  compared with r e su l t s  obtained on a three-dimensional 
Inasmuch as the reference tran- 

m=o' 
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. Reynolds riumber i s  tha t  f o r  the corresponding model. The temperature 
r a t i o  m/Tt 
-Lo the  t rans i t ion  point. 
t ions  f o r  the wing i s  presented i n  figure 6. 
the leading edge because the edge was sol id  f o r  the f i r s t  4 inches or  so. 
This lack of cooling i s  probably of no significance f o r  the range of 
Reynolds numbers per foot involved i n  these t e s t s  and fo r  the constant 
t r a n s i t  ion l o  cat  ion. 

i s  the average value of cooling from the model leading edge 
A plo t  of a Pew typ ica l  temperature dis t r ibu-  

It was impossible t o  cool 

The re su l t s  of f igure 5 indicate tha t  there i s  a favorable e f fec t  
From these data and from the previous dis-  of boundary-layer cooling. 

cussion about eliminating roughness effects,  it appears t ha t  the lack 
of any heat-transfer e f fec ts  i n  the phase I t e s t s  must be ascribed t o  
surface roughness which could not be readily detected. Whether the 
cooling e f fec ts  on t rans i t ion  are stronger i n  the two-dimensional (wing) 
case than i n  the three-dimensional (RM-10 body) case may be open t o  
question, as the sca t te r  i n  the present t e s t s  i s  rather large and changes 
i n  a few of the more s t ra teg ic  points could eas i ly  a l t e r  the slope of 
the curve. 
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Similar t e s t s  a t  M = 2.01 again indicated a favorable e f fec t  of 
cooling on t ransi t ion,  but insufficient data were obtained t o  es tabl ish 
any curve. 

Wing with roughness.- A single-element three-dimensional roughness 
pa r t i c l e  ( s t e e l  sphere) w a s  cemented t o  the wing a t  
the e f fec t  on t rans i t ion  a t  the probe location i s  shown i n  figure 7 fo r  
M = 1.61. 

x = 8 inches and 

The probe was d i rec t ly  i n  l ine  w i t h  the roughness element. 

indicated by the P - P, 
Pt 

The ordinate i s  the total-pressure coefficient 

total-pressure tubes as the free-stream Reynolds number per foot was 
increased. The experimental values a re  indicated by the symbols; the 
theore t ica l  laminar values computed by the method of reference 5 are  
represented by the dashed l ines.  The dotted horizontal l i nes  denote 
the theore t ica l  total-pressure-ratio coefficient jus t  outside the lam- 
inar  boundary layer. 

Examination of both +,he ( a )  and (b) par t s  of f igure 7 indicates 
that ,  as the free-stream Reynolds number per foot was increased from the 
loyest  values, the t o t a l  pressures indicated by the probes a l so  increased 
because of the thinning of the laminar boundary layer. The quantitative 
agreement with theory was not always very good, but the agreement of the 
trends w a s  good. 
i n  the case of the smooth wing, the outer tube l e f t  the boundary layer 
and ceased t o  show any changes i n  pressure, whereas the surface tube 
s t i l l i n d i c a 3 e d  a r i s ing  pressure i n  agreement with theory. 

A s  the Reyqolds number per foot was fur ther  increased 

A t  a Reynolds 
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number per foot of about 2.4 x 10 6 , t rans i t ion  occurred, the boundary 
layer thickened, and the shape of the  velocity prof i le  changed. A s  a 
consequence, the outer tube was again plunged in to  the boundary layer 
and showed a decreasing t o t a l  pressure. The surface tube was rrore 
strongly affected by the increase i n  velocity i n  the inner par t  of the 
boundary layer than by the increase i n  thickness and, hence, showed an 
increase i n  pressure at t ransi t ion.  A s  the Reynolds number per foot  was 
further increased, the boundary layer became f u l l y  turbulent at the 
measuring station, and increased i n  thickness as a r e su l t  of the forward 
movement of transit ion; then even the surface tube began t o  show a 
decreasing t o t a l  pressure. 
ness (fig. 7 (b) ) ,  t rans i t ion  occurred a t  a Reynolds number of about 
1.45 x 10 
It should also be noted tha t  a f t e r  t rans i t ion  neither the outer nor the 
surface tubes showed any changes i n  t o t a l  pressure with changes i n  
Reynolds number per foot. This trend indicates t ha t  the boundary-layer 
thickness was not changing appreciably and implies t ha t  t r ans i t i on  had 
moved up t o  the roughness element quickly and remained there.  It should 
be noted tha t  t h i s  indication has been contradicted by other r e su l t s  
( re f .  6)  and needs fur ther  investigation. 

For the case of t rans i t ion  behind the rough- L 
6 

6 1 
3 

per foot, before the outer tube moved out of the boundary layer. 

L 

The value of Reynolds number per foot f o r  vrhich t rans i t ion  occurred 
a t  the probe location was i n  excellent agreement with the indications of 
a hot-wire technique ( re f .  7)  on the ident ica l  configuration. 
r e su l t s  (not shown) were obtained at  

Similar 
M = 2.01. 

A t  t h i s  point, it i s  desirable t o  go in to  more d e t a i l  about the 
interpretation of the changes i n  boundary-layer t o t a l  pressures. This 
i s  done with the a id  of figure 8, which shows typica l  laminar and tur- 
bulent velocity prof i les  and a sketch of a total-pressure tube a t  three 
ver t ica l  heights. Position 1 corresponds closely t o  the usual re la t ive  
location of the outer tube. 
of the laminar boundary layer. I f  the Reynolds number per foot i s  
increased and there i s  no t ransi t ion,  then the tube may emerge from the 
boundary layer and indicate a constant pressure coefficient w i t h  fur ther  
increase i n  tunnel pressure. If t rans i t ion  occurs, the boundary layer 
thickens and the tube moves in to  a region of lower velocity and lower 
t o t a l  pressure. The re la t ive  location of the surface tube, on the other 
hand, generally l i e s  i n  the region indicated by positions 2 and 3. I f  
t ransi t ion occurs a t  high values of the Reynolds number per foot the 
surface tube i s  usually a t  a location s l igh t ly  above posit ion 2 and the 
tube may indicate a decreasing pressure. 
t ransi t ion Reynolds number per foot the tube w i l l  be close t o  posit ion 2 
and may show no immediate change. If t rans i t ion  occurs a t  very low V a l -  
ues of the Reynolds number per foot, the surface tube may be i n  a loca- 
t i o n  corresponding t o  posit ion 3 or  lower, and the tube w i l l  indicate 
a r i s ing  t o t a l  pressure. The sharper r i s e  i n  pressure indicated by the 

In  general, the  tube i s  i n  the outer region 

A t  s l i gh t ly  lower values of 

- 
c 
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surface tube f o r  t rans i t ion  behilld the roughness a t  a Reynolds number 
per foot near 1.5 x 10 6 , as  compared w i t h  the more gentle r i s e  experi- 
enced on the smooth wing a t  a Reynolds number per foot near 2.4 x 10 6 , 
i l l u s t r a t e s  these trends. (See f i g .  7 . )  

L 
6 
1 
3 

The explanation f o r  the quantitative disagreement between the theo- 
r e t i c a l  and experimental laminar pressures f o r  the outer tube a t  low 
Reynolds number i s  not known, but it may be due, i n  sane cases, t o  
s l igh t  inadvertent changes i n  tube height re la t ive  t o  the surface from 
the value measured and used fo r  the theoret ical  calculations. 
event, because of the emergence of the outer tube from the  boundary 
layer and the dependence of the surface tube pressures on the Reynolds 
number per foot values fo r  transit ion,  t rans i t ion  i s  best determined by 
a simultaneous study of the pressure indications of both tubes. 

I n  any 

The spanwise dis t r ibut ion of boundary-layer probe pressures f o r  
both the smooth wing dnd the wing with %he roughness element i s  presented 
i n  f igures  9(a> and 10. M = 1.61, the comparison i s  at constant 
Reynolds number per foot and the pressures outside the turbulent wedge 
are  i n  very good agreement. A t  M = 2.01, the pressures fo r  the smooth 
wing are  shown fo r  a somewhat higher Reynolds number per foot than those 
f o r  the wing with roughness. The l o w  values of t o t a l  pressure indicated 
by the outer tube a t  s ta t ions near y = -8 inches are  due t o  the afore- 
mentioned ef fec ts  on t rans i t ion  of the  wedge mounting screw holes. 
the wedge of turbulent boundary layer, the pressures indicate tha t  the 
boundary layer i s  thickest  d i rec t ly  behind the roughness and decreases 
i n  thickness gradually t o  the smooth-wing value a t  the outer edge. 

A t  

Within 

The ef fec t  of increasing Reynoxs number per foot on the spawise 
pressures behind the roughness was negligible within the wedge of tur- 
bulent boundary layer except near the wing surface toward the outer 
extremities of t h i s  region ( f ig .  9 ( b ) ) .  Boundary-layer cooling a l so  
had but s l igh t  e f fec t  ( f ig .  9 ( c ) ) .  

A comparison of the l a t e r a l  spread of turbulence as determined by 
the total-pressure probe technique of t h i s  investigation and the r e su l t s  
obtained on the ident ica l  configuration by a hot-wire technique (ref .  7) 
i s  presented i n  figure 11. 
number have been shown t o  be negligible, the data from the  two invest i -  
gations can be considered t o  be i n  excellent agreement. The turbulent- 
wedge half-angles fo r  the two Mach numbers of 1.61 and 2.01 are  about 
9 . 7 O  and 6.90, respectively. Because suff ic ient  data were not obtained 
a t  t o  indicate tha t  t ransi t ion was probably at  the roughness 
a t  the Reynolds numbers under discussion, it i s  not known whether the 
re la t ive ly  large decrease i n  angle of l a t e r a l  spread of turbulence i s  
a t rue  representation of the favorable e f fec ts  of increasing Mach number. 

Inasmuch as the e f fec ts  of charges i n  Reynolds 

M = 2.01 
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Effect of shock impingement.- The e f f ec t s  of shock impingement 
5oundary-layer t r ans i t i on  are presented i n  f igure 12 f o r  
f igure  13 fo r  M = 2.01. These p lo t s  are similar t o  the  f i r s t  ones 
( f ig .  7)  discussed under the  e f f ec t s  of roughness. For most of the 

M = 1:61 
on 
and 

r e su l t s  presented the  probe w a s  located a t  
a f e w  instances the  probe w a s  a l so  located a t  y = 0. Both of these 
s ta t ions were well  outside the area influenced by the  wake from the  
wedge. The estimated t rans i t ion  points on the curves f o r  the  -Jarious 
wedge angles are  indicated by short v e r t i c a l  l ines .  
t o  these l i n e s  indicates t h a t  the  t r ans i t i on  point camot  be located, 
but 
by the  l ine.  
with decreasing tunnel pressure. 

y = 2 inches, although i n  

An arrow attached 

i s  a t  a lower value of Reynolds number per foot than t h a t  indicated L 
6 
1 
3 

Ticks on the  symbols specify that the data  were obtained 
There w a s  no hysteresis  i n  the  resu l t s .  

The pa r t i a l ly  f i l l e d  symbols i n  f igure  12(a) indicate an interrupted run. 

Examination of f igures  1 2  and 13 shows t h a t  i n s t a l l i ng  a wedge a t  Oo 
had l i t t l e  or no e f fec t  on t r ans i t i on  when compared with smooth-wing 
r e su l t s  ( f ig .  7 (a ) ) .  
t i o n  and generating a shock on the  wing caused a sharp reduction i n  t ran-  
s i t i o n  Reynolds numbers. Similarly, decreasing the  wedge angle t o  nega- 
t i v e  ang le s  and producing an expansion region across the  wing svr:ace 
decreased the  t rans i t ion  Reynolds numbers, except f o r  the  most rearward 
wedke location a t  6 = -3' and M = 2.01. 

Increasing the  wedge angle i n  the posi t ive direc- 

The t r ans i t i on  r e su l t s  of f igures  12 and 13 are summarized i n  f ig-  
ure 14, where the t rans i t ion  Reynolds number i s  plot ted as a func- 
t i o n  of the  wedge angle 6. A t  M = 1.61, the  t r ans i t i on  Reynolds num- 
bers were generally higher f o r  the  w i n g  with the  wedge a t  Oo than f o r  
the smooth wing. This can probably be explained by the  r e l a t ive ly  large 
sca t te r  inherent i n  the  data.. Had more phase I1 tes ts  been made on the  
smooth w i n g ,  some higher smooth-wing t r ans i t i on  Reynolds numbers would 
probably have been attained. A t  both Mach numbers, e i the r  increasing 
or decreasing the  wedge angle caused a shai,p reduction i n  except 
f o r  the most rearward wedge location a t  6 = -3' and M = 2.01. This 
reduction i n  Rtr a t  negative values of 6 i s  somewhat surprising, 
inasmuch a s  a favorable pressure gradient should be created on the wing 
i n  the region of i n t e re s t .  Because the  boundary layer tends t o  flow i n  
the  direction of decreasing s t a t i c  pressure, whereas the  outer flow 
follows the potential ,  there  w i l l  be a difference i n  the  boundary-layer 
and potential-flow directions.  This difference i n  flow d i rec t ion  causes 
a tendency fo r  the boundary layer t o  r o l l  up and presumably could accel- 
erate t ransi t ion.  This roll-up tendency ex is t s  f o r  both the  compression 
(posit ive 6) and expansion (negative 6)  cases. The data  of f igure 13 
indicate that a r e l a t ive ly  s m a l l  wedge def lect ion from 0' (of 0 . 6 ~  or  
perhaps l e s s )  had an adverse e f fec t  on t ransi t ion.  

R t r  

R t r  
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I n  order t o  obtain information that might be helpful i n  determining 
the or igin of the wedge effect  on transit ion,  a few spanwise surveys 
were made. Some of these are gresented i n  figures 15 t o  2 0 .  The f ig -  
ures a re  similar t o  the spanwise surveys presented f o r  the single-element 
roughness data, w i t h  the additional ident i f icat ion of several items of 
in te res t .  The wedge wake i s  shown t o  occur i n  the region near 
y = -8 inches, which w a s  affected by ear ly  t rans i t ion  because of the 
screw holes, as discussed previously, and hence the wake i s  d i f f i c u l t  
t o  identify.  The estimated locations of the trailing-edge expansion 
(wedge had a blunt trailing-edge) and the l i m i t  of transverse contami- 
nation (assuming a 10' half-wedge angle originating a t  the wedge leading 
edge) are  a lso presented. Far t o  the r ight ,  i n  the area of 
9 inches approximately, i s  indicated the estimated location of the 
leading-edge shock o r  expansion wave. 

y = 7 t o  

The r e su l t s  of the spanwise surveys indicate that at  M = 1.61 the 
in s t a l l a t ion  of the wedge at Oo had l i t t l e  or no effect  ( f ig .  l ? (a ) ) .  
Ins ta l la t ion  of a wedge a t  i n  the rearward location a t  t h i s  
Mach number caused a decreasing t rans i t ion  Reynolds number (decreasing 
t o t a l  pressure of outer tube) as  the wedge was approached. Away from 
the wedge and near the leading-edge wave location there w a s  l i t t l e  
e f fec t .  The decrease i n  pressures outboard of the wave location f o r  
both the smooth wing and the wing with the wedge ins ta l led  i s  due t o  
ear ly  t rans i t ion  caused by tunnel sidewall e f f ec t s  and surface roughness 
e f f ec t s  and should be discounted. The e f fec t  of deflecting the wedge 
from 0' t o  3' ( f ig .  16 (a ) )  shows trends similar t o  those jus t  discussed 
f o r  the ins ta l la t ion  of the wedge, as i s  t o  be expected. The e f f ec t s  
of increasing Reynolds number as  i l lus t ra ted  by the r e su l t s  of f ig -  
ure 16(b) are  somewhat confusing. A t  a Reynolds number per foot of 
1.11 x 1G 6 the data of figure 12(c) indicate tha t  the boundary layer i s  
laminar a t  y = 0 although the pressvres do appear t o  be somewhat low 
when compared with the theoret ical  predictions. 
f o r  a Reynolds number per foot of 1.1 x 10 , on. the other hand, indicate 
a decreasing pressure i n  the region of the outer tube as the wedge i s  
approached, which i s  an indication of t rans i t ion .  
per foot of 2.80 x 10 6 , t rans i t ion  has def in i te ly  occurred a t  t h i s  span- 
wise station. It therefore appears that the boundary layer w a s  abnor- 
mally thick o r  i n  p a r t i a l  t ransi t ion a t  the lower Reynolds number and 
decreased i n  thickness a t  an abnormal ra te ,  or  t ha t  the boundary layer 
became more laminar as  the Reynolds number per foot was increased and 
before t rans i t ion  actually occurred i n  the region close t o  the wedge. 

6 = -3' 

The data of figure 1 6 ( ~ )  
6 

A t  a Reynolds number 

A t  M = 2.01 the ins ta l la t ion  of wedges a t  e i ther  -3' or  3 O  i n  the 
middle wedge location had the same ef fec t  on t rans i t ion  as a t  
( f igs .  l 7 (a )  and l7 (b ) ) .  "he effect  on t rans i t ion  appears t o  be some- 
what stronger f o r  the posit ive deflection. It should be noted at  t h i s  

M = 1.61. 
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point that  there w a s  no shock detachment from the wedge leading edge f o r  
e i ther  M = 1.61 or M = 2.01 with the wedge deflections under consid- 
eration. 
already turbulent a t  the probe location on the smooth wing. In s t a l l a -  
t i o n  of the wedges a t  6 = - 3 O  and 3 O  
toward a decreased t rans i t ion  Reynolds number close t o  the  wedge even 
i n  t h i s  case ( f igs .  18(a)  and 18(b) ) .  

6 A t  a Reynolds number per foot of 3.45 x 10 , the  flow w a s  

appears t o  create a tendency 

Some e f f ec t s  of Reynolds number on t r ans i t i on  a t  M = 2.01 with 
wedges instal led are  shown i n  f igure 19. 
t i on  case, where in s t a l l a t ion  of the wedge had l i t t l e  e f fec t  on tran- 
s i t i on  in  the spanwise region near the leading-edge expansion wave, 
increasing the Reyiolds number caused transLtion t o  move forward i n  

the positive wedge deflection, there w a s  no e f fec t  due t o  Reynolds number. 

For the negative wedge deflec- 
L 
6 
1 
3 t h i s  regicn but had l i t t l e  e f fec t  i n  the area next t o  the wedge. For 

The ef fec t  of varying the wedge angle a t  constant Reynolds number 
6 i s  presented i n  f igure X). A t  a Reynolds number per foot of 1.48 x 10 , 

changing the wedge angle from -3' t o  3' resulted i n  reduced t r ans i t i on  
Reynolds numbers near the wedge leading-edge-shock or  expansion-wave 
location. A t  the high t e s t  Reynolds number, there were no s ignif icant  
e f f ec t s  w i t h  the exception that t rans i t ion  may be i n  a more forward 
location f o r  the 6 = -3' configuration. 

CONCLUSIONS 

A n  exploratory investigation has been made t o  determine the e f f ec t s  
of single-element surface roughness, boundary-layer cooling, and shock 
impingement on t rans i t ion  on a two-dimensional wing at Mach numbers 
of 1.61 and 2.01. 
following conclusions: 

Analysis of the r e su l t s  of the t e s t s  indicates the 

1. Transition a t  zero heat t ransfer  w a s  apparently strongly influ- 
Transition Reynolds numbers f o r  zero heat enced by surface conditions. 

t ransfer  ranged fram 4 x lo6 t o  10 x 10 
4 x 13 t o  16 x 10 
favorable pressure gradient. 

6 f o r  the f la t  surface and from 
6 6 f o r  the approximately parabolic surface w i t h  the  

2. Heating o r  cooling the  model surface had l i t t l e  e f fec t  on 
boundary-layer t rans i t ion  when s m a l l  and nearly undetectable surface 
roughness existed, but w i t h  surface roughness eliminated, surface cooling 
was quite effective i n  increasing the t rans i t ion  Reynolds number. 

L 

-. 
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3. The first appearance of t ransi t ion due t o  roughness behind a 
single-element three-dimensional roughness and the l a t e r a l  spread of 
turbulence as determined by the boundary-layer probe technique were i n  
excellent agreement with r e su l t s  previously obtained on the ident ica l  
configurations with a hot-wire technique. 

4. Ins ta l la t ion  of a wedge so that the f l a t  side of the wedge was 
alined with the stream had no effect  on t ransi t ion.  Deflection of t h i s  
surface i n  e i ther  the negative or  positive direction generally zesulted 
i n  large reductions i n  the values of t rans i t ion  Reynolds number. 

5.  A t  low free-stream Reynolds numbers per foot, where the e f f ec t s  
of the wedge on Transition were strong, the largest  decreases i n  tran- 
s i t i o n  Reynolds number occurred close t o  the wedge and the  smallest 
e f fec ts  were f e l t  outward i n  the neighborhood of the wedge leading-edge 
shock or expansion wave. 

Langley Research Center, 
National Leronautics and Space Administration, 

Langley Field, Va.,  April 6, 1960. 
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(a) ‘Wedge configuration. 
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(b) Roughness configuration. 

Figure 1.- Sketch of m o d e l .  A l l  dimensions are in inches. 
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M 31.61 M = 2.01 
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x-23.5 8 

Rake at 
x = 34.0 

(a)  F l a t  surface. 

0 
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0 
0 

Rake a t  
x = 34.0 

0 

i 
Rake at’ 
x = 23.5 

0 
Rake at 

x = 23.5 

‘ t  
M = 1.61 M= 2.01 

0 

(b  ) Constant f avorable-pre ssure-gradient surf ace. 

Figure 4.- Summary of phase I t r ans i t i on  results. Zero heat t ransfer .  
Ar rows  indicate t h a t  ac tua l  values are unknown but a re  larger  than 
those indicated. Station x i s  i n  inches. 
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Figure 5.- Effect of surface cooling on boundary-layer t rans i t ion  
Reynolds number ra t io .  
probe. M = 1.61; (Rtr) 

Transit?ion location i s  a t  boundary-layer 
= 5.35 x lo6 f o r  present t e s t s .  ma 
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(a: Smooth wing. 

(b) k = 0.019 inch at x = 8 inches. 

Figure 7.- Effect of single-element three-dimensional roughness on 
boundary-layer probe pressures. M = l.61; y = 0. 



Figure 8.- Effects of changes i n  boundary-layer p ro f i l e s  and thickness 
on trends i n  boundary-layer probe response. 



4G 

U 

.1 

to (a )  Effect of i n s t a l l i ng  roughness; Reynolds number per foot  = 2.57 x lo6. 

(b) Effect of Reynolds number per foot.  
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(c )  Effect of boundary-layer cooling; Reynolds number per foot  = 1.65 x lo6. 

Figure 9.- Effect of Reynolds number per foot  and boundary-layer cooling 
on the l a t e r a l  spread of turbulence. 
x = 8 inches and y = 0 inch. 

M = 1.61; k = 0.019 inch a t  
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(a) M = 1.61; k = 0.019 a t  x = 8 inches and y = 0 inch. 
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(b) M = 2.01; k = 0.031 a t  x = 8 inches and y = 3 inches. 

Figure 11.- Lateral spread of turbulence behind single-elernent three- 
dimensional roughness as determined by total-pressure probe and hot- 
w i r e  techniques. 
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(b) 6 = -3'. 

Figure 13.- Effect of i n s t a i l i ng  wedge on spanwise d is t r ibu t ion  of 
boundary-layer probe pressure. M = 1.61; wedge i n  rearward location. 



P -Pa 
pt 

6 =O" 
3 Outer tube 
J Surface Jube 

6 =-3  
0 Outer tube 
H Surface tube 

1.L Leading-edge expansion 
I 

0 4 8 12 
Y 8 in. 

37 
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(a) Effect of varying 6, Reynolds number per foot = 2.8 x lo6. 

y , in. 

(b) Effect of varying Reynolds number per foot,  6 = -3'. 

Figure 16.- Effect of varying wedge angle and Reynolds number per foot  
on the  spanwise d is t r ibu t ion  of boundary-layer probe pressures. 
M = 1.61; wedge i n  rearward location. 
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Figure 17.- Effect of i n s t a l l i ng  wedge on spanwise d is t r ibu t ion  of  
boundary-layer probe pressures. 
Reynolds number per foot = 1.48 x 10 . 

M = 2.01; wedge i n  middle location; 
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(b) 6 = 3'. 

Figure 18.- Effect of installing wedge on spanwise distribution of 
boundary-layer probe pressures. 
Reynalds number per foot = 3.45 x 10 6 . 

M = 2.01; wedge in middle locetion; 
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Figure 19.- Effect o f  Reynolds number on spanwise d is t r ibu t ion  of 
bomdary-layer probe pressures. M = 2.01; wedge i n  middle location. 
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(a) Reynolds number per foot = 1.48 x 10 6 . 
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(b) Reynolds number per foot = 3.45 x lo6. 
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Figure 20.- Effect of wedge angle on spanwise distribution of boundary- 
layer probe pressures. M = 2.01; wedge in middle location. 
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